York at Buffalo, Buffalo, New York 14214 labile than the phosphatase, thus permitting the latter to be studied independently of the former (13). Chen and Charalampous (7) have achieved separation of these activities on DEAE'-cellulose using the yeast system. Partial purification of the cyclizing enzyme and related studies on cell-free systems from rat testis, yeast, and Neurospora have generated a wealth of information regarding the mechanism of action (3, 8, 13, 16, 27, 31) , physical and chemical properties of the soluble system (2, 5, 6, 12), and identity of substrate, intermediates, and product (4, 6, 13, 15) .
diethylaminoethyl cellulose chromatography eliminates the phosphatase and makes it necessary to add alkaline phosphatase to the reaction mixture in order to assay for free myoinositol. Gel filtration on Sephadex G-200 increases the specific activity of the cycloaldolase to 8.8 X 10-' units per milligram protein (1 unit = 1 micromole of myoinositol formed per min. ute). The cycloaldolase has an absolute requirement for nicotinamide adenine dinucleotide and a maximum activity at pH 8 with 0.1 mM nicotinamide adenine dinucleotide. The reaction rate is linear for 2.5 hours when D-glucose 6-phosphate is below 4 mMand has a Km of 1.77 mm. The diethylaminoethyl cellulose-purified enzyme is stable for 6 to 8 weeks in the frozen state.
York at Buffalo, Buffalo, New York 14214 labile than the phosphatase, thus permitting the latter to be studied independently of the former (13) . Chen and Charalampous (7) have achieved separation of these activities on DEAE'-cellulose using the yeast system. Partial purification of the cyclizing enzyme and related studies on cell-free systems from rat testis, yeast, and Neurospora have generated a wealth of information regarding the mechanism of action (3, 8, 13, 16, 27, 31) , physical and chemical properties of the soluble system (2, 5, 6, 12) , and identity of substrate, intermediates, and product (4, 6, 13, 15) .
In plants, cyclization of -glucose 6-P to myoinositol takes on added significance in light of the observation that oxidative cleavage of myoinositol to n-glucuronate and conversion of the latter to uronate and pentose components of cell wall polysaccharides provides an alternative route from 1-glucose to products of D-glucuronate metabolism that bypasses the oxidation of UDP-D-glucose (22) . Further evidence of the prevalence of the cyclizing enzyme in plants and a comparative study of its properties and mechanism with those occurring in yeast and rat testis is desirable. We have conducted such a survey in the search for a dependable plant source of this enzyme. On the basis of this search we have chosen to isolate and purify the cycloaldolase from suspension cell cultures of Acer pseudoplantanus L.
In 1962 Loewus and Kelly (23) demonstrated the cyclization of 1-glucose to myoinositol in detached parsley leaves. Since then, the enzyme system catalyzing this conversion has been isolated from several sources. 1-Glucose 6-P is the actual substrate (4). Cell-free preparations from rat testis (14) and Candida utilis (4) revealed that D-glucose 6-P is converted to myoinositol in two enzymatic steps; first, cyclization of the sugar phosphate to 1-L-myoinositol 1-P (7, 15) , then hydrolysis of 1-L-myoinositol 1-P to myoinositol and P1 (6, 13 (19, 28, 30) .
In rat testis preparations, the cycloaldolase is more heat 
MATERIAL AND METHODS
Herbaceous plants were grown under green house conditions. Leaves were harvested just prior to use.
A sample of pollen (Lilium longiflorum, cv. Croft) that had been held in storage at -20 C for several months was freed of "pollen kitt," a gummy residue adhering to pollen grains, by rinsing in medium prepared according to Dickinson (11) . Washed grains were divided into two portions, one which was homogenized immediately and the other after incubation for 1 hr at 25 C in fresh medium. Pollen tubes were not microscopically visible at the end of 1 hr, but prolonged incubation (6-8 hr) of separate aliquots showed about 70% germination.
Corn seeds (Zea mays, Agway hybrid M-4) were soaked for 15 min in 50% Clorox (2.5% hypochlorite), rinsed, and germinated at 28 C in the dark in sterile Petri dishes containing a 3 mm layer of 0.5% lonagar. Three-day-old seedlings were separated from cotyledons and homogenized.
Marine algae from the vicinity of Woods Hole, Massachusetts, were harvested just before assay. wasused to determine the void volume. Proteins were applied in 2-ml volumes and fractions of 2.5 ml were collected. The elution was followed spectrophotometrically at 280 nm. The procedure follows that described by Determann and Michel (10) . All manipulations were performed at 4 C. Protein was determined by the method of Lowry as described by Layne (20) . Measurements of radioactivity were made on samples that had been diluted with water (0.5 ml) and then combined with liquid scintillation fluid (15 ml of a mixture of naphthalene (100 g) PPO (7 g) and dimethyl POPOP (0.3 g) in p-dioxane to make I ). Samples were counted in a Packard TriCarb Spectrometer, Model 3324.
RESULTS
Several species of plants were examined for the myoinositol synthesizing system, and the results of this survey are listed in TableI. D-Glucose 6-P cycloaldolase is found in many higher plant tissues as well as two algae, confirming its relatively general occurrence, suspected from previous work. The specific activity of Fucus enzyme marked the lower limit of the assay.
The enzyme system was undectable in three other marine algae that were examined: Cliorda filiurin, Codiumn fragile, and Planctaria latifola.
Of the four herbaceous plants tested, parsley, the one first used to examine myoinositol biosynthesis in plants (23) Table II summarizes data taken from a purification of cycloaldolase from A. pseudoplatanus cells. As noted in "Materials and Methods," about 65 to 70% of the activity was lost in the (NH4)2S04 precipitation and subsequent dialysis. Chromatography on DEAE-cellulose brought a 25-fold increase in specific activity with no loss of enzyme. The enzyme eluted as a narrow peak (Fig. 1 Additional purification of the enzyme was obtained by gel filtration on Sephadex G-200. Using a preparation from the DEAE-cellulose step in which all fractions containing activity were combined, a 10-fold increase in specific activity was noted. Bovine serum albumin, yeast alcohol dehydrogenase and catalase, proteins with molecular weights of 67,000, 151,000 and 225,000, respectively, were chromatographed on the same column. As seen in Figure 2 , the cycloaldolase eluted in the same volume occupied by yeast alcohol dehydrogenase. radioactivity of samples taken from each of three successive recrystallizations was 5543 + 283 cpm/100 mg. When converted to the hexa-acetate and recrystallized, first from toluene, then from methanol-water, there was no change in specific radioactivity.
Requirements and Properties of A. pseudoplatanus Cycloaldolase. As seen in Table III , NAD+ is required for activity. Maximum activity occurred at 1.0 mm NAD+ (Fig. 3) . Deleting NH4+ reduced the activity to 43% of that obtained in its presence. The effect of increasing concentrations of NH4Cl on activity is seen in Figure 4 . Only 2 mm NHOC1 was required to achieve maximum activity. With the yeast enzyme, maximum activity was not reached until 10 mm (5). In the absence of Mg'+ and without addition of alkaline phosphatase to the assay, conversion to free myoinositol did not occur. The enzyme preparation used to obtain results given in Table III had been partially purified on DEAE-cellulose and was devoid of the Mg2+-dependent phosphatase encountered in the crude extract. The effect of purification on the ability of the enzyme preparation to convert the phosphorylated product of cyclization to free myoinositol is seen in Table IV 8 .0 (Fig. 5) . Similar optima have been reported for C. utilis, Neurospora, and rat testis enzymes.
The rate of the reaction was linear for at least 2.5 hr with D-glucose 6-P concentrations under 4 mm. With higher concentrations, there was a slight decrease in rate after 1 hr. When the dependence of initial velocity on substrate concentration is plotted according to Michaelis-Menton kinetics (Fig. 6 ), a Km of 1.77 mm is obtained, comparable to 1.9 mm reported for N. crassa enzyme (27) and 1.5 mm for C. utilis (7). DISCUSSION 1)-Glucose 6-P cycloaldolase, previously reported to be present in rice, bean, and mustard plants (19, 30) has now been shown to be present in other higher plants as well as algae. Partial purification of this enzyme from A. pseudoplatanus had yielded preparations, the best of which has about one-third the specific activity reported for yeast (5) and about one-tenth that of rat testis (13) . Purified cycloaldolase as isolated from A. pseudoplatanus is free of phosphatase. The crude extract, however, appears to contain two phosphatase activities, one of which requires a Mg2+ concentration similar to that reported for the inositol-specific phosphatase of yeast and rat testis. The cycloaldolase described here requires NAD+ in the same concentration as that reported for the enzyme from other sources for maximum activity. It has approximately the same pH optimum. It is stimulated 2.3-fold by NH,+, but at a lower concentration than that which stimulates the C. utilis enzyme 5-fold.
Efforts to isolate and examine D-glucose 6-P cycloaldolase from yet another source, higher plants, are engendered by the knowledge that this enzyme may have a significant function in the carbohydrate metabolism of plants. Formation of UDP-nglucuronate and related products of UDP-i)-glucuronate metabolism in plants proceeds from hexose phosphate over two possible pathways. One, through UDP-D-glucose, involves an enzyme that catalyzes oxidation of carbon 6 of the glucose moiety in two steps to the corresponding acid (32) . The other, first proposed on the basis of studies involving distribution of radioisotopes in products of intact plant tissues fed specifically labeled sugars, uronic acids and myoinositol (21) , involves cyclization of the carbon chain of D-glucose to myoinositol (23) followed by oxidative cleavage of myoinositol to form D-glucuronate (24) . Subsequent phosphorylation of D-glucuronate to its 1-phosphate and conversion of the latter to UDP-D-glucuronate were first described in studies with mung bean extracts (17, 26) . Recently, Roberts and Rao (29) succeeded in purifying the pyrophosphorylase from barley seedlings. They reported a 12-fold increase in pyrophosphorylase activity in the first 6 days following germination. At the same time, only low levels of UDP-D-glucose dehydrogenase were detected in this tissue.
D-Glucose 6-P is an intermediate common to both pathways. Beyond D-glucose 6-P, the cycloaldolase is the first enzyme of the myoinositol pathway and, as such, may possess an important regulatory function over the products of myoinositol metabolism (22) . These products include several, in addition to D-glucuronic acid, with established roles as key compounds in biochemical interconversions vital to plants. One may cite as examples galactinol (33) , phytic acid (9) , and the phosphoinositides (18) . The functional role of cycloaldolase in these interconversions must await a more complete examination of the structure and properties of this interesting, bifunctional enzyme.
